Transarterial chemoembolization with emulsion-based formulations using doxorubicin hydrochloride (DOX) and Lipiodol® is the golden standard for the loco-regional treatment of unresectable hepatocellular carcinoma (HCC). However, from a pharmaceutical quality perspective these emulsions are poorly characterized. In this study, clinically relevant Lipiodol®-based emulsions were characterized in terms of emulsion stability, continuous phase classification and droplet-size distribution. Also, the solubility of DOX in the different emulsion components and the distribution of DOX to the lipid phase were investigated. These are key features to investigate due to the claimed tumor-seeking properties of Lipiodol®. The in vitro release of DOX was studied in a miniaturized dialysis method and an empirical release model was applied to adjust for the passage of DOX across the dialysis membrane. The most stable emulsion (> 72 h) was classified as water-in-oil (w/o), had the highest distribution of DOX to the lipid phase (20%) and an aqueous-to-lipid phase ratio of 1:4. The composition of the aqueous phase was a mixture (v/v) of iohexol (85%) and water (15%). Emulsions containing iohexol and a high aqueousto-lipid phase ratio (1:2-1:4) displayed prolonged in vitro release profiles of DOX. This study further emphasizes the medical need to standardize these emulsion-based drug delivery systems.
Introduction
Hepatocellular carcinoma (HCC) is the second most deadly cancer form globally with an incidence of 750,000 per year [1] . The future prevalence of hepatitis C virus (HCV) and nonalcoholic steatohepatitis (NASH) are expected to be reduced and increased, respectively, with NASH emerging as the major contributor of cirrhosis and HCC in the United States [2] . The primary recommended palliative treatment for intermediate stage HCC (Barcelona Clinic Liver Cancer stage B, asymptomatic, non-invasive and multinodular) is local intra-arterial delivery of cytostatic drugs concomitant with a drug delivery system [3] [4] [5] . One often explored option is emulsion-based formulations with doxorubicin hydrochloride (DOX). Interventional radiological techniques enable loco-regional administration of the emulsion through a catheter positioned in the hepatic artery feeding the tumor, in a procedure called transarterial chemoembolization (TACE) [3, 6, 7] . Imageguided oncological treatments often make use of contrast agents based on iodine [8] . In the liver, the emulsion-based formulations releases the drug and causes a partial and temporary embolization of the treated hepatic artery branches feeding the tumor [4] .
At physiological conditions the amphiphilic DOX (molecular mass = 543.52 g/mol) exists both as a protonated monovalent cation and a deprotonated neutral entity ( Fig. 1A ) [9, 10] . The two pK a s of DOX depend on the experimental conditions applied. For instance, at 37°C and an ionic strength of 0.15, DOX has pK a s of 7.5 and 9.5 (the pK a of 7.5 usually varies between 7 and 8 depending on the experimental conditions) [9, 10] . DOX starts to aggregate and form dimers at 10 μM and at 1 mM aggregates of 40 DOX-molecules have been reported [11] . With increasing DOX concentration, the molecular aggregation number increases, generating both stacking and rod-like micelles of DOX [11] [12] [13] [14] [15] . DOX octanol-to-buffer (pH 7.3) partitioning is dependent on the concentration of DOX-below 20 μM the log partitioning coefficient is~2, whereas at 500 μM it is~0.4, indicating that a large fraction of DOX is aggregated in the aqueous phase [10] . Clinically, DOX is widely used as a cytostatic agent in Lipiodol®-based emulsions in the treatment of HCC [16] . Although other cytostatic drugs have a reported lower in vitro IC50 value against HCC, it is obvious that other factors affect the in vivo potency of drug products and other issues affecting its clinical use [17] [18] [19] .
The lipid phase of these emulsions consists of Lipiodol® which has been proved to accumulate in rabbit tumor-tissue and this is the rational for its use in TACE treatment of HCC [20] . In preclinical models https://doi.org/10.1016/j.jddst.2019.101143 Received 11 April 2019;  Received in revised form 19 June 2019; Accepted 4 July 2019 the intracellular accumulation in tumor cells has been proposed to be due to cell membrane pumps, pinocytosis and/or reduced degradation by lysosomes [4, 21, 22] . Lipiodol® has a diverse clinical use and it can be used 1) alone, 2) as emulsion, 3) as emulsion with additional embolization added after emulsion administration [4] .
Lipiodol® is an iodinated (480 mg iodine/ml) and ethylated ester derived from poppy seed oil (lineolic (73%), oleic (14%), palmitic (9%), and stearic (3%) acids). However, the exact molecular composition of Lipiodol®, with regard to the iodine molecular position, remains unknown [18, 23] . It has a density of 1.28 g/cm 3 and a high viscosity of 25 mPas at 37°C [4, 18] . The final emulsion preparation, i.e. the mixing of the components, is often performed ex tempore in the operation theater at ambient temperatures [4, 5] . The composition and preparation method of these emulsions affect their in vitro evaluation and performance [4, 5, 24] . For example, it has been suggested that the addition of a contrast agent to the aqueous phase increases emulsion stability and decreases drug release rates [25] [26] [27] [28] . One contrast agent used in intra-arterial HCC treatment formulations is iohexol ( Fig. 1B) . In addition to increasing emulsion stability, this contrast agent also allows for x-ray visibility of the formulation [4] .
Furthermore, adjustment of the aqueous-to-lipid phase ratio to a higher ratio of Lipiodol® (1:2-1:4) increases the emulsion stability and reduces the drug release rate from the formulation both in vitro and in vivo [5, 26, [29] [30] [31] [32] . However, in the clinical setting the composition of the used Lipiodol®-based emulsions are not standardized leading to large variations in its composition, preparation and injectability properties [4] .
The overall objective of this study was to evaluate the physicochemical and pharmaceutical factors for the in vitro performance of these clinically relevant emulsion-based formulations of DOX. The specific aims were to investigate how the aqueous-to-lipid phase ratio and the aqueous phase composition affected the emulsion stability, the continuous phase of the emulsion and in vitro release profile of DOX. Also, DOX distribution and solubility, which can affect the performance of the formulations in the different emulsion components, were investigated.
Material and methods

Drugs and chemicals
Doxorubicin hydrochloride (DOX) was purchased from Toronto Research Chemicals, Canada, and Lipiodol® Ultra Fluid was purchased from Guerbet, France. Warfarin (Sigma-Aldrich, Germany) was used as internal standard in the UPLC-MS analysis. Four aqueous phases with clinical relevance were used in the investigated emulsions (Table 1) , purified water, saline 0.9%, Omnipaque™ (iohexol) 300 mg I/mL (GE Healthcare AB, Sweden), and a mixture (v/v) of purified water (15%) and iohexol (85%) [6] . The in vitro release experiments used a Pur-A-Lyzer mini dialysis tube, with molecular mass cutoff of 12-14 kDa, (Sigma Aldrich, Sweden) and phosphate buffer saline (PBS) containing 0.01 M Phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium chloride with a pH of 7.4 (Medicago, Uppsala, Sweden) as release medium. All chemicals were of analytical grade or higher. All samples containing DOX were protected from light throughout all experiments in this study.
Solubility of DOX
The shake-flask method was used to determine DOX solubility (n = 3) at room temperature (during an exceptional Swedish summer 22°C-30°C) in Lipiodol®, water, 0.9% saline solution, PBS buffer (pH 7.4), iohexol, and a mixture (v/v) of iohexol (85%) and water (15%) [33] . Room temperature is the most relevant temperature when investigating formulation properties as the emulsions are generally prepared ex tempore at room temperature in the operating theatres [34] .
In brief, DOX was weighed into Eppendorf vials and an appropriate volume (0.3-1.4 mL) of each solvent was added to reach relevant target concentrations of DOX. To allow for thorough mixing the vials were shaken at 1000 rpm for 24 h. The pH was then measured before the vials were centrifuged at 14,100 g for 10 min. After centrifugation a sample was collected from the supernatant, if one was present. If no supernatant was apparent but the contents were highly viscous, a sample was collected from the top of the vial. The samples were transferred to brown HPLC vials (for light protection) and stored at 4°C until analysis. If no pellet was identifiable after centrifugation (i.e the whole sample was still a clear red solution), the solubility studies were repeated with higher target concentrations of DOX. Prior to quantification with UPLC-MS the solubility samples were appropriately diluted, and the internal standard was added.
UPLC-MS method
An ACQUITY UPLC I-Class system coupled to a mass single-quadrupole detector (Waters Corporation, Milford, MA) was used to determine DOX concentrations in both aqueous and lipid phases following the distribution and solubility experiments [35] . Stock solutions of DOX at selected concentrations (0.1-2.0 mg/mL) were prepared in DMSO. Linear calibration curves were prepared for the aqueous phase by spiking 5.0 mM ammonium formate (Millipore Corporation, Germany), pH 3.0, with DOX stock solutions to a concentration range of 1.0-20.0 μg/mL DOX. The linear calibration curves for the lipid phase were prepared by spiking Lipiodol® (3.7% v/v) in methanol with the DOX stock solutions to a concentration range of 0.1-10.0 μg/mL of DOX. Warfarin was added as an internal standard to all samples at a fixed concentration of 0.308 μg/mL (1 μM).
The mobile phase consisted of (A) 5.0 mM ammonium formate in water at pH 3.0 and (B) methanol. The gradient used was: initially 25% (B), then 25-75% (B) for 2.50 min, followed by 75% (B) for 0.50 min, 75−25% (B) for 0.10 min, and 25% (B) for 1.00 min. The total run time was 4.10 min, the flow rate was 500 μL/min, the sample injection volume was 10 μL, and the sample manager temperature was 10°C. The column was a C 18 column (ACQUITY UPLC BEH C 18 , 2.1 × 50 mm, particle size 1.7 μm, Waters Corporation) kept at 60°C. The positive capillary voltage was set at 0.80 kV and probe and source temperatures were 600°C and 120°C, respectively. The quantification was performed in the single-ion recording mode with an electrospray interface operating in the positive mode. The mass detection channels were set to m/z 544 (doxorubicin) and 309 (warfarin), each with a cone voltage of 10 V. The sampling frequency was 10 Hz. The collected data were processed using MassLynx 4.1 MS Software (Waters Corporation, Milford, MA).
Emulsion preparation
All emulsions were prepared with Lipiodol® as the lipid component and with clinically relevant aqueous-to-lipid phase ratios of 1:1-1:4 ( Table 1 ). As stated before, different clinically relevant aqueous phases were used: water (emulsions W/L), 0.9% saline (emulsions S/L), iohexol (emulsions I/L), and a mixture (v/v) of 85% iohexol and 15% water (emulsions IW/L). The preparation of the emulsions, i.e. the ex tempore mixing of the components, was made in accordance to the clinical setting where the emulsion preparation takes place in the operating theaters, at room temperature, just prior to the intra-hepatic administration [4, 6, 34] . The emulsions were prepared by connecting two 5-mL Luer lock syringes (Codan Triplus AB, Sweden) containing appropriate volumes of Lipiodol® and aqueous phase using a fluid dispensing connector (B. Braun Medical, USA). Mixing was done by hand and was initiated by pushing the entire aqueous phase (bright red) into the lipid phase (faintly yellow) as illustrated in step 1 of Fig. 2A [6] . This was followed by 19 pumps back and forth (step 2 and 3, Fig. 2A ) resulting in a total of 20 pumps for each emulsion (cloudy orange). The emulsions are referred to by their aqueous-to-lipid phase ratios and aqueous phase compositions (Table 1) .
Stability, classification and droplet sizes
Stability of emulsions with aqueous-to-lipid phase ratios of 1:1 and 1:4 was studied by dissolving DOX in each aqueous phase (2.5 mg/mL). The aqueous phase was then mixed with either one or four parts of Lipiodol®, for example 1 mL of DOX aqueous phase with 1 mL (1:1) or 4 mL (1:4) of Lipiodol®. Directly after mixing (20 pumps) roughly 1 mL of the emulsion was ejected into a vial and used for microscopy and DLS measurements. The emulsion-containing syringe was then left horizontally to equilibrate for 15 min until the drop test. The drop test was used to identify the continuous phase and classify the emulsions as either oil-in-water (o/w) or water-in-oil (w/o) [36] . One to three drops of the prepared emulsions were dripped or "injected" into vials containing either water or Lipiodol® (2 mL). Visual inspection is an established approach to distinguish between separated or maintained emulsions [36] . The appearance of the bright red DOX (aqueous) and a faint yellow Lipiodol® (lipid) phase indicated emulsion separation. Visual inspection of the emulsions was undertaken at 15 min, 1 h and 72 h to determine whether the emulsions were maintained or had separated. A schematic illustration of the timeline for the experiment is presented in Fig. 2B . Samples for Dynamic Light Scattering (DLS) measurements (ca 1 mL) were taken directly after emulsion mixing and analyzed 30 min later. Droplet size determinations were done with a Nicomp 380 ZLS Particle sizer (Particle Sizing Systems, Santa Barbara, CA, USA) equipped with a 5 mW HeNe laser at 632.8 nm and using a 90°scattering angle. Samples for microscopy analysis were taken directly after emulsion mixing. A 20 μL drop of emulsion was placed between two Menzel-Gläser cover slips (Schott AG, Germany). Images were taken over time (5 min-1 h) and specifically at 15 min and 1 h using 20× magnification on an inverted transmitted light microscope (Axio Vert.A1, Carl Zeiss Microscopy GmbH, Germany).
Distribution of DOX between aqueous and lipid phases
Emulsions with aqueous-to-lipid phase ratio of 1:4 were prepared by dissolving DOX in each aqueous phase (2.5 mg/mL), which was mixed with four parts of Lipiodol®, as previously described. The emulsions were transferred to brown vials and the distribution of DOX between the aqueous and lipid phases was determined at 15 min and 1 h, respectively. The 15 min samples were not processed further whereas the 1 h samples were placed in a plate shaker at 1000 rpm during 1 h to increase the contact between the two phases. All samples were centrifuged at 14,100 g for 10 min to separate the two phases. The concentration of DOX in each phase was quantified using UPLC-MS and the percentage DOX distributed to the lipid phase was calculated.
In vitro release method
The in vitro release profiles of DOX (n = 3) from the emulsions were investigated using a modified μDiss profiler method (pION, USA) [ 28, 37, 38] . Each channel of the μDiss profiler was calibrated individually with stock solutions of DOX in methanol (1-30 μg/ml). The DOX concentration was determined at 553-572 nm as the area under the concentration-wavelength curve of the second-derivative spectrum [39, 40] . The samples were separated from the release medium in a dialysis tube ( Fig. 2C ) [28] . The dialysis tubes were soaked in purified water for at least 30 min before the addition of 0.2 mL of the formulation sample, either as an aqueous phase or an emulsion. The dialysis tube was placed in a glass vial containing 20 mL of PBS buffer pH 7.4. To ensure efficient mixing of released DOX the release medium (37°C) was stirred with a Teflon coated magnet (100 rpm) throughout the experiment. The effect of aqueous-to-lipid phase ratios of 1:1, 1:2, 1:3 and 1:4 on the release profiles were investigated by preparing emulsions with a DOX concentration of 2.5 mg/mL (Table 1) [28] . Aqueous and the lipid phases were each prepared with a concentration of 2.5 mg/mL DOX and mixed to form emulsions as described in "Emulsion preparation" above. The passage of DOX across the dialysis membranes was investigated with each aqueous solution (2.5 mg/mL DOX), referred to as emulsions with aqueous-to-lipid phase ratio of 1:0.
Data analysis and equations
The data were presented as mean values with standard deviations (SD). Statistical comparisons for DOX distribution between the aqueous and lipid phases were performed with multiple analysis of variance and Sidak's correction for multiple comparisons (GraphPad Prism 6.04, GraphPad Software, Inc.).
For the in vitro release study, the mean (n = 3) of each experimental release data set was analyzed applying an empiric compartmental in vitro release model ( Fig. 2D ), to enable a comparison of the overall rate of release from the investigated formulations. The drug release rate (v rel ) from the emulsion was described by a unidirectional first order process (Eq. (1))
where A f is the amount of drug in formulation and k rel is the release rate constant. The drug release from the formulation was modelled to occur within the donor compartment, where all drug was assumed to be unreleased at time zero and only released drug was allowed to diffuse across the membrane to the receiver compartment. The amount of released drug in the donor compartment (A don ) was described by Equation
where k mem is the diffusion rate constant over the membrane, A rec is the amount of drug in the receiver compartment, and V don and V rec are the volumes of the donor and receiver compartment, respectively. The bidirectional mass transport across the dialysis membrane assured that the release experiments were conducted up to steady state conditions. V don and V rec were set to 0.2 ml and 20 ml, respectively, in accordance with the experimental setup. A rec was described by Equation (3)
where the unspecific binding, described by a binding constant (k a ) and an association constant (K A ) in the receiver compartment was included to accommodate for observations of less than the theoretical amount (99%) of DOX in the receiver compartment at steady state. Experiments of aqueous solutions (without Lipiodol® i.e. aqueous-to-lipid phase ratio of 1:0), i.e., all drug released at time zero, were used to estimate k mem for each aqueous-phase (W/L, S/L, I/L and IW/L). k rel was then estimated for each formulation, aqueous-to-lipid phase ratios (1:1-1:4), by adopting the estimate of k mem from the corresponding aqueous solutions. 
The half-life of release (t ½ rel ) was calculated according to Parameter estimation was performed by non-linear least square regression of the model to observations in the receiver compartment using Phoenix 64 WinNonlin software version 6.3 (Certara, L.P.,St. Louis, MO). 
Results
Solubility of DOX
The results of DOX solubility in PBS and the various emulsion components are summarized in Table 2 . The values represent DOX concentrations measured in the sample supernatants, or from the top of the vials, when the whole sample was a self-standing gel and no supernatant was present. Several target concentrations were tested for all solvents (except Lipiodol®) with the aim of achieving saturated solutions. The solubility of DOX in the various solvents ranged from 0.02 to 75 mg/mL with a rank order from lowest to highest solubility for the investigated phases: Lipiodol® < PBS < saline < water < iohexol and water < iohexol. Undissolved DOX formed a solid precipitate only in Lipiodol® (Fig. 3A) . In the aqueous solvents viscous gel-like aggregates were observed with increasing concentrations of DOX (Tables  2 and S2 ). DOX separated into a dense lump at the bottom of the vial, with supernatant on top in both PBS and saline (Fig. 3B) . In water, the mixture of iohexol and water, and iohexol, the whole sample was a selfstanding gel at concentrations > 50 mg/mL ( Table 2 , Figs. 3C and S2).
Stability, classification and droplet sizes
The emulsion stability was studied by visual inspection (example of 1 h time point in Fig. 4 ) and the drop test (video example in S1) allowed for the classification of the emulsions as either w/o or o/w ( Table 3) . Samples were taken from each emulsion for microscopy and DLS measurements to characterize the droplet size distribution as displayed in Figs. 5 and 6. The visual inspection showed that two emulsions (emulsion W/L and S/L aqueous-to-lipid phase ratio of 1:1) separated in less than 15 min, and therefore no drop-test was performed for any of these formulations. With the increased lipid ratio (emulsions W/L and S/L aqueous-to-lipid phase ratio of 1:4) stability was increased (> 15 min). This was enough to perform the drop-test, resulting in both emulsions being classified as w/o. However, after 30 min also these emulsions had separated making DLS measurements futile. In the 15 min microscopy images of emulsions W/L and S/L, aqueous-to-lipid phase ratio of 1:1 and 1:4, droplet size determinations proved challenging (Fig. 5 ). These are very dynamic systems with a wide range of droplet sizes ranging from nm to hundreds of μm. In addition, the emulsions change very rapidly, resulting in blurry images at the earlier time points (2-15 min), this dynamic nature is further illustrated in the Supplementary Content (S3 A-C). However, in the aqueous-to-lipid phase ratio of 1:4 emulsions ( Fig. 5C and D) the droplets (aqueous) were more dispersed than in the aqueous-to-lipid phase ratio of 1:1 emulsions, leading to less extensive aggregation and formation of larger droplets or continuous phases ( Fig. 5A and B) .
Supplementary video related to this article can be found at https:// doi.org/10.1016/j.jddst.2019.101143.
The use of iohexol as an aqueous emulsion component substantially increased emulsion stability, with visual inspection qualifying all four emulsions (I/L and IW/L, aqueous-to-lipid phase ratio 1:1 and 1:4) as maintained after 1 h ( Table 3 ). The drop test distinguished the 1:1 emulsions (o/w) from the 1:4 (w/o) emulsions. The results from microscopy and DLS measurements are summarized in Fig. 6 . Similarly to aqueous-to-lipid phase ratio of 1:1 emulsions W/L and S/L ( Fig. 5A and  B) , aqueous-to-lipid phase ratio of 1:1 emulsions I/L and IW/L also displayed extensive regions of continuous phases (Fig. 6A and B) . Additionally, more complex multiple emulsions were present in the aqueous-to-lipid phase ratio of 1:4 emulsions of both I/L and IW/L ( Fig. 6C  and D) . DLS data are reported as three measurements (á 3 min) of each emulsion sample using both intensity and volume weighing, raw data were fitted using Gaussian analysis. The investigated emulsions were both polydisperse and very concentrated, 20% in aqueous-to-lipid ratio of 1:4 emulsions and 50% in aqueous-to-lipid ratio of 1:1 emulsions ( Fig. 6E and F) .
Distribution of DOX between aqueous and lipid phases
The time-dependent distribution of DOX into the lipid phase is shown in Fig. 7 . After 15 min no DOX could be detected in the lipid phase of the emulsions W/L and S/L. At 1 h DOX could be detected in the lipid phases of all tested emulsion, where it ranged from 0.5 to 20% distribution to the lipid phase, depending on the composition of the aqueous phase of the emulsion. From 15 min to 1 h there was a 2-fold increase of DOX in the lipid phase of emulsions I/L and IW/L. After 1 h the percentage of DOX distributed to the lipid phase of the emulsions increased from 0.50 ± 0.30% for emulsion W/L to 20 ± 2.3% for emulsion IW/L.
In vitro release study
The diffusion of DOX from the aqueous solutions (2.5 mg/mL DOX) across the dialysis membrane is shown in Fig. 8A . The aqueous phases containing iohexol generated higher release plateaus of DOX compared to aqueous phases without iohexol. The in vitro release profiles of emulsions with DOX concentration of 2.5 mg/mL are presented in Fig. 8B-E . The empirical release model was used to distinguish the release of DOX from the emulsions from the diffusion across the dialysis membrane. The results are presented in Fig. 8F and Table 4 . For emulsions I/L and IW/L, the release half-life (h) increased with increasing aqueous-to-lipid phase ratio. The release rate of DOX from emulsions S/L and W/L was unaffected by the increase in lipid ratio.
Discussion
A wide range of Lipiodol®-based emulsions are currently in clinical use, but the pharmaceutical composition and final ex tempore preparation of the emulsions are rarely reported in detail, making comparison of tumor response between clinical studies difficult [4, 5, 24, 41] .
Standardization of the composition and final preparation of these formulations is of importance to optimize the clinical utility of these useful but complex pharmaceutical products. In this report, various pharmaceutical quality aspects of clinically relevant Lipiodol® emulsions containing DOX have been evaluated to improve the understanding of these emulsions. The effects of aqueous-phase composition and the aqueousto-lipid phase ratio on pharmaceutical properties (distribution, stability, continuous phase, droplet-size distribution and drug release profiles) were analyzed and discussed in relation to its clinical use in the transarterial treatment of HCC. DOX solubility was solvent-dependent and was lowest in Lipiodol®, the only solvent where the precipitate was in a solid state. The most plausible explanation is the ionization of DOX reducing its lipid solubility. In the aqueous solvents gel-like aggregates were observed at increasing DOX concentrations. This is in line with an increase in viscosity reported with increasing DOX concentrations (0-0.4 M) in NaCl solution [13] . Recently, it was reported that the formation of elongated DOX bundles (supramolecular polymer-like aggregates) Fig. 4 . Visual inspection of the stability of the emulsions at the 1 hr time point. Separated emulsions: A) water and Lipiodol® (W/L) aqueous-tolipid phase ratio of 1:4, B) saline 0.9% and Lipiodol® (S/L) aqueous-to-lipid phase ratio of 1:4. Maintained emulsions: C) and D) iohexol and Lipiodol® (I/L) aqueous-to-lipid phase ratio of 1:1 and 1:4 respectively, E) and F) mixture (v/v) of iohexol (85%)/water (15%) and Lipiodol® (IW/L) aqueous-to-lipid phase ratio of 1:1 and 1:4 respectively. 
+ maintained emulsion, -separated emulsion, w/o water-in-oil, o/w oil-inwater. For information on the composition of the emulsions, see Table 1 . caused the high viscosity [42] . The difference in solubility between water, saline and PBS could be explained as 'salting out', i.e., the entropic penalty of separating out an electrolyte decreases with increasing ionic strength [43] . It may also be described as the de-swelling of a hydrogel-like phase (syneresis). Note that this explanation is not in conflict with the fact that DOX formed gel-like aggregates rather than solid precipitates in the aqueous solvents [13] . More remarkable is the high solubility (> 69 mg/mL) of DOX in iohexol and the iohexol and water mixture found in this study. Iohexol is a basic and polar compound. It is very soluble in water and has a pK a of 11.4, a log P butanol/water of −1.15, and a log P octanol/water of −3.00 [44] [45] [46] [47] . The commercial contrast agent Omnipaque™ contains iohexol at concentrations corresponding to an iodine content of 140-350 mg iodine/mL. Iohexol is considered a low-osmolality compound. However, the concentration used at Uppsala University Hospital is 300 mg iodine/mL, resulting in a 2-fold higher osmolality than blood [45] .
Iohexol is a very hydrophilic molecule and has not been shown to selfaggregate in water [48] . Thus, despite DOX's aggregate-forming ability in water it is not likely that iohexol increases the solubility by forming mixed micelles with DOX, however this remains to be further investigated [10] [11] [12] [13] .
Increased emulsion stability has been shown to increase the drug released into the tumor [18] . Our results suggest that the addition of iohexol generates emulsions that were stable up to 1 h, which is longer than the time between preparation and administration in the clinic [6] . The emulsions with the highest stability were achieved at aqueous-tolipid phase ratios of 1:4 and classified as w/o emulsions. The aqueous phase of emulsion IW/L has been reported to have the same specific density as Lipiodol® (1.28 g/cm 3 ) and it was the only emulsion that was stable after 72 h at room temperature at an aqueous-to-lipid phase ratio of 1:4 [4, 34] . The increased emulsion stability of the emulsions containing iohexol is due to the densifying properties of iohexol [25] [26] [27] [28] . It is, however, still unclear if iohexol has other stabilizing mechanisms than its densifying properties, such as forming complexes with DOX or reducing the van der Waals attraction between droplets. Other emulsion stabilizing-methods include the addition of polymers or emulsifiers [25, [49] [50] [51] . The beneficial effect of emulsifiers and/or other stabilizing methods should be systematically investigated and implemented in the clinical use of these emulsions [4, 5, 52] .
The emulsion droplet-sizes were investigated using both microscopy and DLS. DLS offers proper size estimation in dilute and monodisperse samples. However, the investigated emulsions were both polydisperse and very concentrated with extensive physical interaction(s) between droplets. These emulsion properties lead to substantial multiple scattering and explains the unreliable average droplet diameters reported. It has been suggested that accuracy could be improved in larger droplet systems by using multi-angle DLS or complementing with static light scattering measurements [53] .
The emulsion droplet-size can be affected by other parameters than aqueous-to-lipid phase ratio and aqueous phase compositions. For example, the drop-size and viscosity of the emulsion can be altered by the number of times and by the speed that the phases are pumped back and forth during the final preparation just prior to administration to the patient [4, 32] . Recently a novel robust "pumping emulsification device" was reported that form stable water-in-oil emulsions with homogenous droplet sizes [54] . There are, however, inconsistencies in the reported effect of emulsion droplet-size range on the tumor uptake, emphasizing the need to improve the understanding of the pharmaceutical factors affecting emulsion droplet-size and stability, and to incorporate them into a clinical delivery perspective [55, 56] .
The distribution of DOX to the lipid phase of the investigated aqueous-to-lipid phase ratios of 1:4 emulsions was in the range of 0.5-20%. For emulsions without iohexol (W/L and S/L), our results are in line with a report of a 1:1 emulsion with the following composition: Lipiodol®, DOX, glucose, water, and polysorbate-80, where 0.5% of DOX distributed to the lipid phase after 1 h [57] . There was a timedependent increase in distribution indicating that increased equilibration times could increase the distribution of DOX into the lipid phase. This is of importance as in vivo studies suggest that Lipiodol® (i.e. the lipid phase) is the only component from the emulsion-based formulations that accumulates in the tumor environment [20] . Accordingly, an increased distribution of DOX to the lipid phase might increase DOX concentrations inside the tumor cells [20, 55, 58, 59] . Also, cytostatic agents with more lipophilic physicochemical properties than DOX (logD for DOX is between~2 and~0.4 depending on DOX concentration at pH 7.3) might have a greater propensity to accumulate in Lipiodol® and consequently claim some higher degree of tissue targeting property [10] .
There exist no standardizations in the in vitro release methods of parenteral formulations. This leads to a large variation in the literature guidelines for in vitro release of DOX from these emulsions [5, 60] . In this study, the addition of a dialysis membrane (which is common when testing drug release from emulsions) to a previously developed μDiss in vitro release method, was used to investigate the release of DOX from the emulsions [25, 28, 37, 38, 51, 61] . For stable emulsions, the release rate depends on factors such as the composition of the aqueous phase, lipid-to-aqueous ratio, viscosity of the continuous phase, droplet-size range and the complexity of the system (i.e., simple or multiple emulsions) [62] . The drug release mechanism from water-in-oil emulsions is suggested to follow first-order kinetics, which is governed by diffusion through both phases [62] .
The diffusion of aqueous-phase DOX (emulsion 1:0) across the dialysis membrane was slow and the plateau was reached between 3 and 15 h. Therefore, an empirical model was developed to discriminate between the diffusion of DOX across the dialysis membrane and the release of DOX from the investigated emulsions. The release half-life (h) from the unstable emulsions W/L and S/L was unaffected by the increase in lipid ratio (1:1-1:4) as they still separated quickly. This generated similar DOX release rates for emulsions and aqueous phases. For emulsions I/L and IW/L, the increase in lipid ratio prolonged the estimated release half-life (h). This effect can be attributed to the increased emulsion stability, which forces DOX to diffuse through the increased lipid phase. The estimated release half-life of emulsion IW/L with an aqueous-to-lipid phase ratio of 1:3 was~1 (0.75-1.5) hr generating an approximate DOX release of 75% after 2 h. In HCC patients Lipiodol®based emulsions similar to emulsion IW/L with an aqueous-to-lipid phase ratio of 1:3 were reported to release 90% of DOX within 2 h [63] . The difference between the estimated release rate in vitro and in vivo is most likely attributed to the dynamic exposure of the blood flow in vivo causing rapid emulsion separation after intra-hepatic administration to the patients [63] .
Conclusions
Despite the widespread clinical use of Lipiodol®-based emulsions, the properties of these injectable formulations are in need of extended pharmaceutical characterization and optimization [4, 5] . In this study it was demonstrated that the emulsion stability and DOX in vitro release profiles depend on the composition of the aqueous phase and the aqueous-to-lipid phase ratio. In addition, the relatively low distribution and solubility of DOX to and in the lipid phase (Lipiodol®) suggest that there is a need for further improvements of this formulation. The methods presented herein can be used for emulsion optimization and pharmaceutical quality assurance. A harmonization of these clinically used drug delivery systems including standardized composition and preparation methods is warranted.
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Journal of Drug Delivery Science and Technology 53 (2019) 101143 Fig. 8 . In vitro doxorubicin hydrochloride (DOX) release from emulsions with DOX concentration of 2.5 mg/ml. Emulsions composition; water and Lipiodol® (W/L), saline 0.9% and Lipiodol® (S/L), iohexol and Lipiodol® (I/L), and a mixture (v/v) of iohexol (85%)/water (15%) and Lipiodol® (IW/L). The aqueous-to-lipid phase ratio was 0:1, 1:1, 1:2, 1:3, and 1:4. All experiments were performed with the μDiss profiler in 20 ml of phosphate buffer saline at a pH of 7.4, 37°C, with a stirring rate of 100 rpm throughout the experiment. Lines represents the curve-fitted released DOX (%) A) Emulsion 1:0, i.e., only the aqueous phase. DOX has transported across the dialysis membrane, B) 1:1 emulsion, C) 1:2 emulsion, D) 1:3 emulsion, E) 1:4 emulsion, F) release-half life (h) from the empirical model applied to the mean ( ± SD) release data of each investigated emulsions. 
